The Src family kinases c-Src, and its downstream effectors, the Rho family of small GTPases RhoA and Jun N-terminal kinase (JNK) have a significant role in tumorigenesis. In this report, using the Drosophila wing disc epithelium as a model system, we demonstrate that the actin-Capping Protein (CP) ab heterodimer, which regulates actin filament (F-actin) polymerization, limits Src-induced apoptosis or tissue overgrowth by restricting JNK activation. We show that overexpressing Src64B drives JNKindependent loss of epithelial integrity and JNK-dependent apoptosis via Btk29A, p120ctn and Rho1. However, when cells are kept alive with the Caspase inhibitor P35, JNK acts as a potent inducer of proliferation via activation of the Yorkie oncogene. Reducing CP levels direct apoptosis of overgrowing Src64B-overexpressing tissues. Conversely, overexpressing capping protein inhibits Src64B and Rho1, but not Rac1-induced JNK signaling. CP requires the actin-binding domain of the a-subunit to limit Src64B-induced apoptosis, arguing that the control of F-actin mediates this effect. In turn, JNK directs F-actin accumulation. Moreover, overexpressing capping protein also prevents apoptosis induced by ectopic JNK expression. Our data are consistent with a model in which the control of F-actin by CP limits Src-induced apoptosis or tissue overgrowth by acting downstream of Btk29A, p120ctn and Rho1, but upstream of JNK. In turn, JNK may counteract the effect of CP on F-actin, providing a positive feedback, which amplifies JNK activation. We propose that cytoskeletal changes triggered by misregulation of F-actin modulators may have a significant role in Src-mediated malignant phenotypes during the early stages of cellular transformation.
INTRODUCTION
Cancer is a complex disease, which involves mutations that produce oncogenes with dominant gain-of-function and tumor suppressor genes with recessive loss-of-function. Multiple mutations or genetic alterations often cooperate to drive tumorigenesis. 1, 2 Genetic analyses in Drosophila have revealed many genes that when deregulated cooperate with an oncogenic form of Ras (Ras V12 ) to induce tumorigenesis. 3, 4 Among those include loss-offunction for many cell polarity regulators and gain-of-function for the GTP exchange factor RhoGEF2, the Rho family of small GTPase Rho1 and Rac1, the Rho kinase Rok and Myosin II. [5] [6] [7] [8] [9] One important factor that contributes to Ras V12 -mediated cooperative tumorigenesis is the c-Jun N-terminal kinase (JNK) signaling pathway. 8, [10] [11] [12] In Drosophila epithelia, such as in mammalian cells and human cancer, JNK acts as a tumor suppressor in some contexts via induction of apoptosis, whereas in different contexts, it functions as an oncogene to promote neoplasia. 6, 8, [10] [11] [12] [13] [14] Patches of cells mutant for Drosophila C-terminal Src kinase (Csk) also die via JNK-mediated apoptosis, 15 or undergo malignant overgrowth when combined with Ras V12 . 9 Csk is the major inhibitor of the non-receptor tyrosine kinases of the Src family (SFKs). 16 Mammals contain nine SFKs among which c-Src is the most investigated proto-oncogene implicated in a broad range of cancer types. 17 c-Src has several interacting substrates and downstream effectors, including adherens junction (AJ) components, the Rho1 homolog RhoA, Rac1 and JNK. [17] [18] [19] Drosophila contains two Src kinases, Src42A and Src64B, [20] [21] [22] which appear to function in a redundant manner. 23 In addition to cooperate with Ras V12 in tumorigenesis, the levels of Src signaling determine the outcomes of Src activation. Although low levels trigger anti-apoptotic signals and proliferation, high levels direct apoptosis. 9, 15, 16, 24, 25 Various targets have been shown to mediate the activity of Drosophila Src. Drosophila E-Cadherin (DE-Cad), AJ protein p120 (p120ctn), Rho1 and JNK mediate epithelial cell extrusion and apoptosis of cells with reduced Csk levels. 15, 16, 23 In addition, the Btk family kinase at 29A (Btk29A) promotes the cell cycle defects of Csk mutant flies 16 and functions downstream of Src64B and Src42A during embryogenesis and oogenesis. 23, 26, 27 Src kinases are also known regulators of AJ function. 17 During tracheal development, Src42A overexpression affects the rate of AJ turnover, reduces DE-Cad protein levels but stimulates transcription of the DE-cad gene shotgun (shg).
Caspase inhibitor P35. In addition, loss of CP cooperates with an activated allele of Ras (Ras
V12
) to induce massive tissue overgrowth. 34 CP restricts accessibility of the filament barbed ends, inhibiting addition-or loss-of-actin monomers. 30 Individual CP subunits are unstable, but the heterodimer is very stable. 39 In vitro structure-function analyses of chicken and budding yeast CP revealed that the C-terminal region of both subunits is necessary for binding actin. 40, 41 In Drosophila, removing either cpa or cpb, promotes F-actin accumulation. [42] [43] [44] Interestingly, cooperative tumorigenesis between RhoGEF2, Rho1 and Rok, and Ras V12 also correlates with increased F-actin. 5 Thus, the control of F-actin might be critical to regulate JNK activity.
In this study, we used the Drosophila wing imaginal disc as an in vivo model to investigate the role of the CP-dependent F-actin network in restricting JNK-mediated apoptosis or tissue overgrowth downstream of oncogenes. To do so, we modeled JNK hh-Gal4 driving UAS-mCD8-GFP (green in a and b) and Src64B using a UAS P-element insertion located upstream of the Src64B transcriptional start site (Src64B UY1332 ). Discs are stained with anti-C3 (magenta in a and white in a 0 ), which monitors DRONC activation or anti-Mmp1 (magenta in b and white in b 0 ). The arrows in a and a 0 indicate Src64B-overexpressing cells moving to distant areas from the posterior compartment. (c, c 0 ) Discs carrying a LacZ insertion into the msn (msn 06946 ) locus, expressing UAS-mCD8-GFP (green in c) and Src64B UY1332 under sd-Gal4 control and stained with anti-bgalactosidase (magenta in c and white in c 0 ) to reveal msn-LacZ. 
or (e, e 0 and g, g 0 ) Phalloidin to mark F-actin (white in e and g) and anti-pH3 (magenta) to mark mitotic cells. The white arrow in g indicates basally extruded cells marked with pH3. (h-o) sd-Gal4 driving (h) two copies of UAS-mCD8-GFP (green) and Src64B UY1332 or (i-k) one copy of UAS-mCD8-GFP (green in i), Src64B UY1332 , UAS-p35 and (k) carrying a LacZ insertion into the msn (msn 06946 ) locus, or (l) two copies of UAS-mCD8-GFP (green) and UAS-bsk DN 
00 , e, e 00 and f, f 00 ), Src64B UY1332 and carrying a LacZ insertion into (b-b 00 ) the shg locus (shg-LacZ/shg k03401 ) or (c-c 00 ) the thread locus (DIAP1-LacZ) or (e-e 00 ) the ex locus (ex-LacZ). Discs are stained with (a-a 00 ) anti-Wg (magenta in a or white in a 0 ) or (b-b 00 , c-c 00 and e-e 00 ) anti-b-galactosidase to reveal (b-b 00 ) shg-LacZ (magenta in b or white in b 0 ) or (c-c 00 ) DIAP1-LacZ (magenta in c or white in c 0 ) or (e-e 00 ) ex-LacZ (magenta in e, or white in e 0 ) or and h, h 0 ) discs carrying a LacZ insertion into the ex locus (ex-LacZ) and in which hh-Gal4 drive Src64B
UY1332
, UAS-p35 and (g, g 0 ) two copies of UAS-mCD8-GFP (green in g) or (h, h 0 ) one copy of UAS-mCD8-GFP and UAS-bsk
DN
. Discs are stained with anti-b-galactosidase to reveal ex-LacZ (magenta in g and h, or white in g 0 and h 0 ). (i, j) sd-Gal4 driving (i) two copies of UAS-mCD8-GFP (green) and UAS-yki-IR 4005R-2 or (j) UAS-yki-IR 4005R-2 , UAS-p35 and Src64B
UY1332
. Discs are stained with Phalloidin to mark F-actin (magenta). The light or dark blue dashed lines outline the blade or hinge domains, respectively. The yellow dashed lines outline the anterior-posterior compartment boundary in a, a 0 to h, h 0 , and the whole disc area in i and j. Scale bars represent 30 mm. Figure 3 . Slight increase of Src64B or decrease of Cpa levels induces tissue overgrowth and both cooperate to trigger massive apoptosis. All panels show standard confocal sections of third instar wing imaginal discs with dorsal side up, stained with anti-activated-Caspase 3 (C3; white), which monitors DRONC activation and anti-Hth (magenta in a-d) or anti-Arm (magenta in e). nub-Gal4 driving (a, a
and UAS-cpa-IR C10 or (e, e 0 ) UAS-mCD8-GFP (green in e) and UAS-Src64B
YF161
. The light or dark blue dashed lines outline the blade or hinge domains, respectively. Scale bars represent 30 mm.
induction by directing high activity levels of the Src oncogene. Our observations argue that regulation of F-actin by CP limits Srcinduced apoptosis or tissue overgrowth by acting downstream of Btk29A, p120ctn and Rho1, but upstream of JNK. In turn, JNK regulates F-actin, which may provide a positive feedback to amplify JNK activation.
RESULTS

Src64B
þ -expression induces JNK-mediated apoptosis or tissue overgrowth To model Src-dependent JNK induction, we used the UAS/Gal4 system to overexpress Src64B (Src64B þ ) or knockdown Csk by expressing double-stranded RNAs (csk-IR). The hedgehog-Gal4 (hhGal4) driver was used to target the posterior compartment of the wing imaginal disc, leaving the anterior compartment as an internal control, whereas the scalloped-Gal4 (sd-Gal4) and nubbinGal4 (nub-Gal4) drivers were used to target the whole distal wing disc domain.
We first confirmed that Src64B were suppressed by expressing bsk DN . Taken together, we conclude that in the distal wing disc epithelium, such as reducing CP, 34 increasing Src levels induce JNK-independent loss of epithelial integrity and JNK-dependent apoptosis or tissue overgrowth when cells are kept alive with P35.
þ -expression triggers Yki activity via JNK CP restricts Yki activity. 35 We therefore analyzed the effect of inducing high Src activity levels on the expression of Yki target genes. Knocking down Csk (hh4csk-IR) induced Wingless (Wg) accumulation in the inner distal ring, within the proximal domain (arrows in Figures 2a and a  0 ). In addition, the three reporters of Yki activity, the LacZ enhancer trap insertions in the genes shg 
, UAS-cpb 7 and Src64B UY1332 or (h) three copies of UAS-mCD8-GFP (green) and Src64B UY1332 or (i) two copies of UAS-mCD8-GFP (green) Src64B UY1332 and UAS-p35 or (j) one copy of UAS-mCD8-GFP (green), UAS-p35, UAS-HAcpa 89E and UAS-cpb 7 , or (k) Src64B UY1332 , UAS-p35, UAS-HA-cpa 89E and UAS-cpb The mean for sd42XGFP is 3 50 427 (n ¼ 12); for sd42XGFP, Src64B is 2 16 057 (n ¼ 32); for sd41XGFP, HA-cpa, cpb is 3 08 244 (n ¼ 20); for sd4Src64B, HA-cpa, cpb is 3 13 400 (n ¼ 20). *indicates that the difference between samples was significant. Po0.0001 for comparison of sd42XGFP and sd42XGFP, Src64B or for comparison of sd42XGFP, Src64B and sd4Src64B, HA-cpa, cpb. (g) Total Mmp1 area per disc area for sd-Gal4 driving two copies of UAS-mCD8-GFP and Src64B UY1332 or UAS-HA-cpa
89E
, UAS-cpb 7 and Src64B
UY1332
. The mean for sd42XGFP, Src64B is 11.19 (n ¼ 17); for sd4Src64B, HA-cpa, cpb is 5.02 (n ¼ 18). *indicates that the difference between samples was significant. Po0.0006 for comparison of both genotypes. (l) total wing disc area for the four genotype shown in h-k. The mean for sd43XGFP, Src64B
UY1332 is 1 57 900 (n ¼ 35); for sd42XGFP, Src64B UY1332 , p35 is 392300 (n ¼ 39); for sd41XGFP, p35, HA-cpa, cpb is 1 71 600 (n ¼ 13); for sd4Src64B UY1332 , p35, HA-cpa, cpb is 2 86 700 (n ¼ 46). *indicates that the difference between samples was significant. Po0.0001 for comparison of sd43XGFP, Src64B UY1332 and sd42XGFP, Src64B UY1332 , p35 or sd42XGFP, Src64B UY1332 , p35 and sd4Src64B
, p35, HA-cpa, cpb. (m) total Mmp1 area per disc area for sd-Gal4 driving three copies of UAS-mCD8-GFP and Src64B UY1332 or two copies of UAS-mCD8-GFP, Src64B
UY1332 and UAS-p35 or Src64B UY1332 , UAS-p35, UAS-HA-cpa 89E and UAS-cpb 7 . The mean for sd43XGFP, Src64B is 89.11 (n ¼ 11); for sd42XGFP, Src64B, p35 is 154.6 (n ¼ 26); for sd4Src64B, p35 HA-cpa, cpb is 123.3 (n ¼ 22). *indicates that the difference between samples was significant. Po0.0001 for comparison between sd42XGFP, Src64B, p35 and sd43XGFP, Src64B or sd4Src64B, p35, HA-cpa, cpb. both cpa-IR and Src64B þ with nub-Gal4 resulted in massive apoptosis (Figures 3d and d 0 ). Apoptosis versus overgrowth of cpa-IR or Src64B þ tissues may result from differences in strength of each Gal4 driver, as Src has been proposed to trigger proliferation at low levels, while high levels direct apoptosis. 9 To test this possibility, we kept sd4Src64B þ larvae at lower temperatures to reduce Src64B þ expression, as Gal4 activity is temperature sensitive, with lower activity at lower temperatures. 46 At 18 1C, sd4Src64B þ -expressing tissues did not contain apoptotic cells (Supplementary Figures 1C and C 0 ), whereas expressing a constitutive active form of Src64B (Src64B CA ) with nub-Gal4 triggered massive cell death (Figures 3e and e  0 ) . Apoptosis of Src64B þ -expressing tissues also correlated with higher pSrc levels on western blot, compared to sd>GFP control. pSrc intensity signals were increased to 10.5-and 13.2-folds in apoptotic sd4Src64B þ and nub4Src64B CA -expressing extracts, respectively, against 7.5-folds in overgrowing nub4Src64B þ extracts (Supplementary Figure 1E ). Taken together, these observations argue that an exponential increase of Src64B or decrease of Cpa levels induce a switch from tissue overgrowth to apoptosis and demonstrate that CP prevents apoptosis of Src64B þ -expressing tissues.
CP limits Src-induced apoptosis or tissue overgrowth by restricting JNK activity We then investigated if overexpressing CP could suppress Src-induced apoptosis or tissue overgrowth. CP acts as a functional ab heterodimer. [47] [48] [49] We thus overexpressed both full-length cpa, tagged with HA (HA-cpa) together with cpb, and ensured that each genetic combination contained the same number of UAS transgenes. sd4HA-cpa, cpb-expressing wing discs displayed very low apoptotic levels ( CP requires the Cpa actin-binding domain to limit Src-induced apoptosis CP regulates actin polymerization. 30 We did not observe major changes on F-actin when we overexpressed full-length HA-cpa or cpb alone (Supplementary Figures 3A and A 0 and 3C and C 0 ). However, overexpressing both with hh-Gal4 reduced apical F-actin levels in the posterior compartment ( Figure 5 compare b and b 0 with a and a 0 ). Therefore, CP might restrict Src-induced apoptosis or tissue overgrowth via changes in F-actin. To test this possibility, we generated transgenic flies carrying an HA-tagged form of cpa inserted at the same locus as the full-length HA-cpa in which the C-terminal actin-binding domain is deleted (UAS-HA-cpa DABD ). In contrast to overexpressing full-length HA-cpa and cpb, expressing HA-cpa DABD Figures 3B  and B 0 ). These observations suggest that the CP heterodimer formed between Cpa DABD and Cpb inactivates endogenous CP. We conclude that CP requires the actin-binding domain of Cpa to restrict Src-induced apoptosis, suggesting that the control of F-actin by CP mediates this effect.
CP restricts Src-induced apoptosis downstream of Rho1
We then investigated how the CP-dependent F-actin network restricts Src-induced apoptosis or tissue overgrowth. Because the actin cytoskeleton status impacts the kinase activity of c-Src, [50] [51] [52] we first tested the possibility that the F-actin defects induced by the loss of CP triggers Src activation through phosphorylation. Figures 4E and E 0 , and 4F and F 0 ). On western blot, the pSrc antibody has been shown to have higher affinity for Src42A. 28 Indeed, expressing a constitutive active form of Src42A (Src42A CA ) but not Src64B CA , significantly triggered Src phosphotylation. However, pSrc levels were not significantly altered in sd4cpa-IR extracts (Supplementary Figure 4D) . Finally, the accumulation of pSrc in the posterior compartment of hh4Src64B þ tissues was not suppressed by expressing cpb with HA-cpa or HA-cpa DABD (Supplementary Figures 4G and G 0 , and 4H and H 0 ). We conclude that CP acts downstream of activated Src.
We next searched for downstream Src effectors regulated by the CP-dependent F-actin network that trigger JNK activity. DE-Cad promotes apoptosis of Cpa-depleted tissues, 34 we therefore tested the role of DE-Cad downstream of Src64B þ . Although in hh4GFP control tissues, the size of the posterior blade domain relative to the total blade area was 34.6%, expressing . The yellow dashed lines outline the whole wing disc area. (e) total wing disc area for the genotypes indicated. The mean for sd4Rho1, 2XGFP is 1 06 800 (n ¼ 45); for sd4Rho1, HA-cpa, cpb is 1 26 900 (n ¼ 42). *indicates that the difference between samples was significant. Po0.0001 for comparison of both genotypes. (f ) Total Mmp1 area per disc area for the genotypes indicated. The mean for sd4Rho1, 2XGFP is 572.3 (n ¼ 21); for sd4Rho1, HA-cpa, cpb is 471.7 (n ¼ 19). *indicates that the difference between samples was significant. Po0.0123 for comparison of both genotypes. (g, g 0 to j) sd-Gal4 driving UAS-Rac1 and (g, g 0 and h) two copies of UAS-mCD8-GFP (green in g) or (i, i 0 and j) UAS-HA-cpa 89E and UAS-cpb 7 . The yellow dashed lines outline the whole wing disc area. (k) Total wing disc area for the genotypes indicated. The mean for sd4Rac1, 2XGFP is 1 49 700 (n ¼ 17); for sd4Rac1, HA-cpa, cpb is 1 40 300 (n ¼ 10). (l) Total Mmp1 area per disc area for the genotypes indicated. The mean for sd4Rac1, 2XGFP is 241 (n ¼ 17); for sd4Rac1, HA-cpa, cpb is 314.5 (n ¼ 10).
Thus, upon Src64B
þ expression, Btk29A, p120ctn and Rho1 appear to induce both JNK-mediated apoptosis and AJ disassembly independently of JNK.
If CP restricts Src-induced apoptosis or tissue overgrowth upstream of Btk29A, p120ctn and Rho1, we would expect that reducing their levels would suppress apoptosis of CP-depleted tissues. However, apoptotic levels were not significantly different in sd4cpa-IR-depleted tissues that were either wild type (Supplementary Figures 6K and K 0 ) or heterozygote mutant for Btk29A (Supplementary Figures 6L and L 0 ) or p120ctn (Supplementary Figures 6M and M  0 ) . While removing one copy of Rho1 enhanced apoptosis of sd4cpa-IR-depleted tissues (Supplementary Figures 6N and N  0 ) . Therefore, CP acts downstream of Btk29A, p120ctn and Rho1 to limit Src64B-induced apoptosis. As both CP and Rho1 are master F-actin regulators, 30, 31 the F-actin defects induced upon reduction of CP and Rho1 levels may trigger apoptosis via additional mechanisms. To confirm a role of CP downstream of Rho1, we analyzed the effect of overexpressing CP in Rho1-overexpressing wing discs (Rho1 þ ). As expected, expressing HA-cpa and cpb restored tissue growth (Figure 6e 0 with a and a 0 ) of tissues expressing JNK ectopically (sd4bsk A-Y ). Taken together, these observations demonstrate that Src controls F-actin via JNK, and suggest that the control of F-actin by JNK provides a positive feedback, which would amplify JNK activation.
DISCUSSION
Linking CP to Src-induced apoptosis or tissue overgrowth As reported by Vidal et al., 9 our data argue that the levels of Src signaling determine the outcomes of Src activation. Although low ectopic levels direct tissue overgrowth, higher levels trigger loss of epithelial integrity and apoptosis (Figures 1 and 3 and Supplementary Figure 1) . Consistent with Vidal et al, 15 we found that in the wing disc, Src affects junctional integrity and induces apoptosis via Btk29A, p120ctn, Rho1 and JNK (Figure 1 and Supplementary Figure 6 ). Enomoto and Igaki 29 reported that in the eye disc, Rho1 is not involved downstream of Src64B. Thus, while Rho1 mediates Src signaling activity in the wing disc, it might not be relevant in the eye disc. Alternatively, as Enomoto and Igaki 29 used different genetic tools to inhibit Rho1, this might led to distinct observations. Tissue overgrowth resulting from low ectopic Src levels (Figure 3 ) may also be triggered via JNK as the strength and duration of JNK activation drives diverse cellular responses, which range from increased survival and altered proliferation to the induction of apoptosis. 14 Moreover, removing one copy of bsk, suppresses the increased body size of a weak allele of csk. 16 Finally, in mammals, c-Src triggers progression through the G1 phase of the cell cycle by activating JNK. 55 However, diverse substrates having distinct effects can also be differentially phosphorylated depending on Src activity levels. Extensive studies in mammals have identified direct links between c-Src and Btk family kinases, p120ctn, RhoA and JNK. Btk family kinases and p120ctn are directly phosphorylated and activated by c-Src. [56] [57] [58] [59] c-Src promotes a better affinity of p120ctn towards RhoA, 60 and p120ctn overexpression activates RhoA in keratinocytes, 61 which triggers JNK activation downstream of Src in HEK293 cells. 18 Enhanced RhoA activity also directs AJ disassembly as elevated RhoA or Rho kinase activity promotes cancer cell invasion by disrupting E-Cad-mediated AJ. 62 In the fly, the molecular links between Src, Btk29A, p120ctn, Rho1 and JNK have not been fully characterized. Src42A and Btk29A regulate JNK activity in the fusion of epithelial sheets. 23 In the wing disc, Rho1 controls apoptosis and compensatory hyperproliferation via JNK, 15, 63, 64 and interacts directly with p120ctn to regulate cadherin-based AJ. 65 Thus, in the wing disc, upon high Src activity, Btk29A and p120ctn may promote AJ disassembly and JNK activation via Rho1. Consistent with the report from Enomoto and Igaki, 29 JNK enhances Yki activity in apoptotic Src64B-expressing cells. However, when cells are kept alive with P35, JNK acts as a potent inducer of proliferation via Yki activation (Figure 8e) .
We have identified CP as an inhibitor of Src-induced apoptosis or tissue overgrowth in the wing disc ( Figures 3 and 4 and Supplementary Figure 5) . Our data are consistent with a model in which CP counteracts Src activity by acting downstream of Btk29A, p120ctn and Rho1, but upstream of JNK ( Figure 6 , Supplementary Figure 6 and Model in Figure 8e ). Rac1 has also been shown to be involved downstream of Src64B. However, it is not sufficient to promote JNK activation. 29 Consistent with these observations, CP acts upstream or in parallel to Rac1 (Figure 6 ).
The control of F-actin is required upstream and downstream of JNK activation The effect of CP on JNK activation is likely a direct result of defects in the actin cytoskeleton 35, 42 ( Figure 5 ). How the CP-dependent F-actin network limits JNK activation downstream of Rho1 remains to be determined. In Drosophila, Rho1 can activate JNK via different mechanisms depending on the context. The Rho1/Rok/ Myosin II pathway induces JNK-dependent apoptosis and compensatory hyperproliferation in the wing imaginal disc. 64 Moreover, in the eye disc, this pathway cooperates with Ras V12 in JNK-mediated tumorigenesis. 5 Myosin II regulates F-actin contractibility 33 and therefore intracellular tension. As mechanical loading can stimulate the phosphorylation of JNK in ex vivo cartilage explants, 66 the F-actin-myosin network regulated by CP and Myosin II may control JNK activation via changes in cellular tension. However, we cannot exclude that CP limits JNK activation via the extrinsic TNF Eiger pathway produced by recruited hemocytes, as Rok activates JNK independently of Eiger but also through an Eiger-dependent mechanism. 5 In turn, JNK regulates apical F-actin formation (Figure 7) . In fly and in mammals, Src has been shown to regulate F-actin via JNK. 23, 67 Because Src mediates tyrosine phosphorylation of the human Cpa homolog CAPZ, 68 JNK may control F-actin, in part, via CP inactivation. JNK-dependent F-actin remodeling may impact on Yki activity as F-actin accumulation has been shown to direct Yki activation via inactivation of the Hpo pathway. 35, 36 In addition, diverse observations argue that the control of F-actin by JNK provides a positive feedback, which amplify JNK activation. First, CP 34 and Src64B ( Figure 7 and Supplementary Figure 7 ) regulate an apical F-actin network. Second, overexpressing CP suppresses the effects of ectopic JNK expression (Figure 8 ). Third, in the Drosophila eye disc, the actin cross-linking protein Filamin/Cheerio is upregulated downstream of JNK, and is required for proliferation and invasiveness of tumors mutant for scribbled, expressing
Ras
V12
. 69 Fourth, Myosin II promotes tumor malignancy both upstream 5 and downstream of JNK. 70 Implications in tumor development Owing to its sophisticated genetics, low redundancy and high degree of conservation, Drosophila is an ideal model organism to generate cancer models that reflect human tumors and investigate cancer mechanisms. 71 In Drosophila, loss of csk or ectopic expression of Rho1 or JNK cooperates in tumorigenesis when combined with an activated allele of Ras. 6,9,11 c-Src, RhoA and JNK also have a role in tumorigenesis. 17, [72] [73] [74] Our findings provide evidence that the control of F-actin by CP limits the oncogenic abilities of JNK activated by Src and Rho1. Although CP has not been implicated in tumorigenesis yet, other actin regulators, such as Cofilin, aII-spectrin, Myosin II and tropomyosin-1 and 2 were found to regulate tissue growth and tumorigenesis. [75] [76] [77] [78] Thus, cytoskeletal changes triggered upon the appearance of mutations Figure 7 . Removing one copy of p120ctn or Btk29A or Rho1 or hep or expressing bsk DN or HA-cpa and cpb suppress F-actin accumulation of Src64B þ -expressing tissues. All panels show standard confocal sections of third instar wing imaginal discs with posterior side to the left and dorsal side up, stained with Phalloidin to mark F-actin (magenta in a-h or white in a 0 -h 0 ) and (f, f 0 ) anti-HA (green in f ), reflecting UAS-HAcpa 89E . Discs in which hh-Gal4 drives Src64B UY1332 and (a, a 0 -d, d 0 , g, g 0 and h, h 0 ) one copy of UAS-mCD8-GFP (green in a-d, g and h) or (e, e 0 ) two copies of UAS-mCD8-GFP (green in e) and (f, f 0 ) UAS-HA-cpa 89E and UAS-cpb
The yellow dashed lines outline the anterior-posterior compartment boundary. The scale bars represent 30 mm.
in F-actin modulators may have a significant role in cancer, such as promoting the Src and Rho-malignant phenotypes via stimulation of JNK-mediated proliferation and survival. 92 hh-Gal4, a gift from T Tabata; nub-Gal4, 93 UASyki-IR 4005R-2 (National Institute of Genetics (NIG)), UAS-csk-IR 109813 (Vienna Drosophila Research Center (VDRC)). All crosses were maintained at 221C unless indicated and dissected at the end of third instar lavae.
MATERIALS AND METHODS
Molecular biology
Immunohistochemistry
We performed immunocytochemistry using the procedure described in Lee and Treisman. 94 Between 15 and 30 discs were analyzed for each genetic combination unless indicated. Antibodies used were mouse antiArm (N2 7A1, 1:10; Developmental Studies Hybridoma Bank (DSHB)), rat anti-DE-Cad (CAD2; 1:50, DSHB), rabbit anti-Hth (1:500; 95 
Quantification
The NIH Image J program was used to perform measurements. To quantify total wing disc area, each disc was outlined and measured using the Area function, which evaluates size in square pixels. To quantify the intensity of C3 or Mmp1signals, discs were outlined separately. The sum of the C3 or Mmp1 signal for each stack per disc was performed after normalization of the background and noise signals, using the Analyzed Particles function, which measures object in a selected area in pixel units. Statistical significance was calculated using a two-tailed t-test. , HA-cpa, cpb is 73.5 (n ¼ 9). *indicates that the difference between samples was significant. Po0.0018 for comparison of both genotypes. (e) Model of the interplay between F-actin and JNK downstream of activated Src. In the distal wing imaginal disc, upon high Src activity, Btk29A and p120ctn promote AJ disassembly and trigger JNK-dependent apoptosis or tissue overgrowth via Rho1 activation. The control of F-actin by Capping Protein limits Src-mediated apoptosis or tissue overgrowth by acting downstream of Btk29A, p120ctn and Rho1 but upstream of JNK. In turn, the control of F-actin by JNK may provide a positive feedback, which amplify JNK activation.
